Identification and functional characterization of the genes in the human genome remain a major challenge. A principal source of publicly available information used for this purpose is the National Center for Biotechnology Information database of expressed sequence tags (dbEST), which contains over 4 million human ESTs. To extract the information buried in this data more effectively, we have developed a semiautomated method to mine dbEST for uncharacterized human genes. Starting with a single protein input sequence, a family of related proteins from all species is compiled. This entire family is then used to mine the human EST database for new gene candidates. Evaluation of putative new gene candidates in the context of a family of characterized proteins provides a framework for inference of the structure and function of the new genes. When applied to a test data set of 28 families within the major facilitator superfamily (MFS) of membrane transporters, our protocol found 73 previously characterized human MFS genes and 43 new MFS gene candidates. Development of this approach provided insights into the problems and pitfalls of automated data mining using public databases.
INTRODUCTION
Draft sequences of the human genome 1,2 and the genomes of many other organisms have been completed. However, before genomic information can be put to practical use, it must be converted into biologically useful information. A major challenge for the conversion process is to infer the likely molecular and biological functions of each gene in a genome.
In this report we describe a partially automated method for mining expressed sequence tag (EST) data for gene discovery and functional characterization using the major facilitator superfamily (MFS) of transporters as an example. The MFS has been extensively characterized by Saier and colleagues 3 (http://tcdb.ucsd.edu/tcdb/ tcfamilybrowse.php?tcname=2.A.1#protein), FOOTNOTE 1 and its importance has been highlighted by studies analyzing the transport capabilities of various organisms with completely sequenced genomes 4, 5 (http://www. biology.ucsd.edu/~ipaulsen/transport/). These studies have shown that the MFS and another large transporter group, the adenosine triphosphate (ATP) binding cassette (ABC) superfamily, together account for about 50% of the total number of transporters in the 18 organisms studied. When our analysis was performed, the MFS had been clustered into 29 transporter families based on both functional and phylogenetic analysis. FOOTNOTE 2 Although the proportion of transporters belonging to the ABC and MFS superfamilies varies by organism, MFS members have been shown to account for a substantial fraction of transporters. For example, MFS members have been estimated to account for 31% of all transporters in the Escherichia coli genome. 6 Because MFS families transport a variety of different substrates into and out of cells, including drugs, essential nutrients, neurotransmitters, peptides, and amino acids, identification of new transporters is important for understanding human response to both natural and xenobiotic molecules.
The recent realization that simply assigning a function to every gene in a genome will not give us the complete "parts list" for that organism, as expected in the early days of the genome projects, points to other useful roles for EST data mining. Identification of splice variants, single nucleotide polymorphisms (SNPs), and posttranslational modifications will be required to infer the full set of functions represented in the proteome.
Because the number of predicted genes in the human and other genomes is large, 1, 2, 7 functional annotation efforts must rely on automated approaches as much as possible. Unfortunately, the inherent limitations of automated analysis strategies can obviate their usefulness, especially in providing accurate predictions of gene function. Most methods rely on automated database searching, using measures of statistical significance to determine likely relationships useful for functional classification. But this type of search bypasses safeguards provided by experimental verification of function. Even when functional classification is accurate, automated methods may fail to completely extract functional information because statistical significance thresholds for database searches must be set relatively high to avoid recruitment of false positive hits. For example, even in intensively studied organisms such as E. coli and Bacillus subtilis, determination of functions for approximately 30% to 40% of open reading frames remains incompletely resolved. [8] [9] [10] [11] One way to improve the reliability of functional assignment generated from automated data mining is to use all available knowledge about functionally characterized homologs in the identification and evaluation of new candidate sequences. We achieved this by using a core family of sequences from many species rather than a single sequence or motif in our approach for finding new gene candidates, thus maximizing the amount of relevant sequence information used for mining the human EST database and for inferring the function and specificity of new gene candidates.
Although the original goal for this project was identification of human transporter gene candidates that would be useful for functional genomics studies, now that the draft sequence of the human genome has been completed, we envision that these data provide the most useful dataset for that purpose. However, we note that EST data mining continues to be a useful approach both for gene discovery 12 and for other applications. For example, a recent analysis has shown substantial discrepancies between gene predictions made for the human genome by the public consortium and by Celera genomics. 7 Because ESTs represent a record of expressed genes, their use will continue to be important for the verification and completion of gene predictions. 13 The importance of this additional information is portance of this additional information is supported by observations that alternative splicing plays a role in tissue-specific and temporal expression of functionally unique gene forms, 14, 15 that splice variants and SNPs can be associated with specific disease conditions, [16] [17] [18] [19] [20] and that both may be useful in optimizing drug treatments for individual patients based on genetic makeup. 21 The large number of available ESTs (12, 148, 014 in National Center for Biotechnology Information [NCBI] dbEST as of August 7, 2002 ) that are annotated based on disease type, developmental stage, and/or tissue of origin represents an enriched information source useful for detecting the most relevant splice variants and SNPs. With slight modification, our protocol could also be used to mine EST databases for splice variants and SNPs.
MATERIALS AND METHODS

Automated Protocol for Identification of New Gene Candidates
Figure 1 provides an overview of the automated protocol for the identification of new gene candidates. Default parameters were used for all programs unless otherwise noted. All database searches were performed using local versions of NCBI databases, except for the human genome database, which was searched via the NCBI Web site. Updated versions of the databases used in this study can be accessed at http://www.ncbi.nlm.nih.gov/ BLAST/.
Converged PSI-BLAST-Iterative Position-Specific Iterative BLAST (PSI-BLAST) 22 analyses are performed using 1 seed sequence each from 28 of the MFS families defined by Saier et al. For each family, the optimal PSI-BLAST expectation value cutoff for the sequence characteristics of that family is determined. A core family of related sequences is collected from the final round of the PSI-BLAST analysis performed using the expectation value cutoff with the least stringent value less than 1*10 -3 (within 2 exponent units) that allows PSI-BLAST to converge within 10 rounds.
Retrieval of human EST sequences-Each protein sequence in the core family is used as a query for a TBLASTN 23 search of the human EST database at an expectation value of 1*10 -5 . The resulting EST nucleotide sequences are collected. 
Removal of vector sequences-Nonmammalian
org).
Removal of nonhuman gene candidates-Because the NCBI human EST database was observed to be contaminated with some nonhuman EST sequences, 25 each new gene candidate is examined to verify that it corresponds to human sequence. ncbi.nih.gov/pub/UniVec/README.uv). EST regions identified by VecScreen as strong or moderate matches to vector sequences are removed. Regions in an EST that VecScreen classifies as weak matches to vector or segments of suspect origin are removed only if the EST shows additional evidence of vector contamination (eg, additional regions of the EST that have strong or moderate matches to vector sequence).
The BLASTX and BLASTN results for each remaining new gene candidate are again examined. All candidates with greater than or equal to 95% identity over ~95% of their length to nonhuman genes or proteins are eliminated.
Removal of previously characterized ESTs-Each EST that has passed the quality and filtering tests described above is used as a query for BLASTX and BLASTN 23 searches performed using expectation value cutoffs of 1*10 -25 against the NCBI nonredundant protein and nucleotide databases, with low complexity filtering turned off. The output from both BLAST runs is then processed to remove any ESTs with greater than or equal to 95% identity to a characterized human gene or protein. 26 with the contigs and singlets found using the entire core family. Generally, a group of core family members is selected for use in the alignment by first creating a histogram of the sizes of the core members and eliminating any outliers that are much larger or much smaller than the main group. The core sequences used in the alignment are then chosen by selecting the set of remaining core members with 50% identity to each other. However, for some very large families, a lower percentage identity threshold was used to generate the set of core sequences for use in the multiple alignment. Alternatively, for some very small families, all core family members were used in the alignment. All alterations to the 50% identity threshold were made to minimize degradation of the multiple alignment while maximizing the breadth of the alignment.
Nonautomated Protocol for Validation of New Gene Candidates
Removal of gene candidates that correspond to characterized human genes-Because inconsistencies in annotation methodologies and presentation across the databases accessed by BLAST complicate the application of automated approaches for removal of all ESTs corresponding to characterized human genes, nonautomated analysis of new gene candidates is also required (see Discussion).
Predictions of transmembrane topology for new gene
candidates-Transmembrane topology predictions for new gene candidates were generated using the program HMMTOP Version number 1.1.
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For this nonautomated analysis, each sequence identified by the automated protocol as a new gene candidate is used as a query for BLASTX and BLASTN searches against the NCBI nonredundant protein and nucleotide databases. For these searches, low complexity filtering is turned off, and an expectation value cutoff of 1*10 -25 is used. BLAST results for each new gene candidate are examined, and candidates with greater than or equal to 95% identity to a characterized human gene or protein over ~95% or more of their length are eliminated.
Phylogenetic tree construction-Phylogenetic trees were constructed for some of the core protein families based on their CLUSTALW multiple alignments. Distance matrices were constructed using the program DISTANCES (GCG, Version 10.1), and trees were constructed from these distance matrices using the GCG implementation of the neighbor-joining algorithm. 28 Using this initial set of new gene candidates, contigs and singlets were validated individually to eliminate any candidates corresponding to previously characterized human genes. Redundant sequences were removed. As an additional check, these candidate sequences were also evaluated for the presence of transmembrane domains by computational methods, which provided additional evidence that their structures are consistent with their identification as transporters. More detailed information about the validated contigs and singlets is given in Tables 2 and 3, respectively. Information about the human sequences in each core family used to find these new gene candidates is given in Table 4 .
Motif analysis-The twenty-eight core families generated from the protocol shown in Figure 1 were evaluated using the program FINDPATTERNS, with 1 allowed mismatch (GCG, Version 10.1). The familyspecific motifs used as queries for this program were those generated by Pao et al 3 Human genome analysis-New gene candidates were matched to the most similar region of the human genome using MEGABLAST (http://www.ncbi.nlm.nih.gov/ blast/), 29 with an expectation value cutoff of 1*10 -2 and low complexity filtering turned off. New gene candidates that matched the same locus of the same chromosome were assumed to represent the same gene. The percentage of redundancy in new gene candidates was estimated using only those new gene candidates that could be matched to the human genome.
It should be noted that because the analysis was performed using the EST database, some singlets and contigs might actually represent different nonoverlapping regions of a single gene. Comparison of the most similar human chromosomal region for each new gene candidate (see Tables 2 and 3) suggests that as many as 30% of the new gene candidates could represent different regions of the same gene. When this overlap is taken into account, the number of new gene candidates corresponding to unique genes found by our method is reduced to approximately 18 contigs and 29 singlets. However, for a small number of new gene candidates, an examination of their exons suggests that they may represent different splice variants (see Table 2 ).
Run Time
The run time of the automated elements of our protocol increased as the size of the core family increased, ranging from approximately 30 minutes to 8 hours on a 4-processor 500-MHz digital alpha server.
RESULTS
The protocol shown in Figure 1 was followed starting with 1 seed sequence each from 28 of the families identified by Saier et al (http://tcdb.ucsd.edu/tcdb/tcfamilybr owse.php?tcname=2.A.1#protein) in the MFS. FOOTNOTE 3 Fifty-five contigs and 103 singlets were identified as new gene candidates, as shown in Table 1 . (30) . Alternative nomenclature more relevant to human transporters can be found at http://www.gene.ucl.ac.uk/cgi-bin/nomenclature/searchgenes.pl but is not used in this article because it is less complete than the compilation represented by TC numbers. ‡Core sequences are those collected during the Converged PSI-BLAST step of the protocol. § Raw contig and singlet numbers indicate the number of contigs and singlets obtained as output from 1 run of the automated protocol, performed using the single-seed sequence indicated in the table.
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Validated contig and singlet numbers indicate the number of contigs and singlets remaining after nonautomated validation. Table 7 for examples. MFS indicates major facilitator superfamily; TC, Transport Commission #; GI, NCBI Geninfo Identifier; chrom., Chromosome; ID, Identifier; NA, Not Applicable. †These identifiers may be used to query LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/), the National Center for Biotechnology Information's single-query interface for information about genomic loci. ‡This region may not represent a continuous match because of the presence of introns. §The contig obtained using a seed sequence from family 2.A.1.1 did not contain the expressed sequence tags with GI number 8155481. || NA represents the fact that as of August 5, 2002 , no match to the human genome was found using MEGABLAST with an expectation value cutoff of 1*10 -2 at the National Center for Biotechnology Information Web site: http://www.ncbi.nlm.nih.gov/genome/seq/HsBlast.html. ¶Based on examination of the exons matched, the new gene candidate may represent a splice variant. 
DISCUSSION
It should be noted that because our protocol relies on sequence similarity for identification of related genes, genes that have diverged significantly from the sequence signature of the core family will not be detected. Further, because our protocol requires a seed sequence for each family analyzed, MFS transporter families with no members yet identified will not be represented in our results.
Overall Performance of the Protocol
The percentage of the human MFS transporter genes our protocol was able to find can be estimated by analogy to other organisms. Paulsen Tables 2 and 3 ). Extrapolating to the above estimates, our protocol found 35% to 50% of the expected human MFS genes.
Functional Characterization of New Gene Candidates
Because our protocol uses the information from an entire core family of diverse sequences to find new gene candidates and infer their functions, the quality and completeness of the core families is central to the success of our protocol. Therefore, we present below an evaluation of the clustering of core families and of their usefulness for functional characterization of new gene candidates. However, it may not be possible to extrapolate the number of expected human MFS transporters based on the genomes of simpler eukaryotes, because the transporter composition of different organisms varies considerably. 6 An alternative approximation can be derived from estimates of the proportion of the human genome represented by dbEST at the time our analysis was performed-that is, 40% to 80% of the human genome. [33] [34] [35] Thus, if our protocol were working at 100% efficiency, it should have found ~40% to 80% of the genes in a given family, a number roughly in agreement with the estimate provided by the previous method.
Validation of core families-Before using our automatically generated core families as tools for making functional inferences about new gene candidates, we first needed to verify that new gene candidates and core family sequences were properly clustered (ie, that sufficient sequence similarities could be identified to presume that all sequences grouped together are likely to perform similar biological functions). We used 2 common strategies to evaluate sequence similarities: multiple alignments of full-length sequences and identification of conserved motifs.
3,36,37 This analysis shows that the quality of the multiple alignments varies significantly for each core family, presumably reflecting differences in the evolutionary history within the various families, as well as the completeness of coverage represented by available sequences. Figure 2A , reveals a relatively high degree of sequence conservation. Although the characterized members of this core family come from many different organisms, including bacteria, fungi, and plants, all transport either nitrate or nitrite. This high level of sequence conservation suggests that a relatively fixed sequence is required in order to retain both substrate specificity and transport functionality within this family. Figure 2B shows a portion of the multiple alignment of core family 2.A.1.1 along with 3 new gene candidates.
Although some elements of this alignment-for example, positions c and d-are well conserved, the overall alignment reveals substantial sequence variation. Because this core family contains a diverse group of transporters, transporting sugars, organic cations, and organic anions, it is not surprising that the multiple alignment shows somewhat greater sequence variation than that of core family 2.A.1.8. The multiple alignments of several other core families also show a high degree of sequence variation, indicating perhaps that they should be further subdivided to obtain more accurate clustering of functionally distinct proteins. To examine this issue further, we divided 2.A.1.1 into 2 subgroups based on a phylogenetic tree constructed from the multiple alignment of the core family. This division of core family 2.A.1.1 into 2 subgroups reveals additional positions in the multiple alignment that are better conserved across a given subgroup than across the original core family. For example, Figure 2B shows that positions a and b are largely conserved across subgroup 1 but not across subgroup 2. Consistent with this tree, available information regarding the function of characterized members of the family suggests that subgroup 1 consists mainly of sugar transporters, while subgroup 2 consists mainly of organic cation and anion transporters.
After evaluating the clustering of core families, we investigated how discretely related core families could be separated. Some degree of overlap between closely related core families is expected, because the boundary of a given family can differ based on the method used to construct it. 36 However, if there is significant overlap between core families, this overlap will have to be considered when the core families are used to make functional inferences about new gene candidates. Figure 3 shows the instances of overlap among core family sequences found by our analysis, starting with 1 seed sequence each from MFS families 2.A.1.1 to 2.A.1.28. Table 5 provides the corresponding fractional overlap. As expected, the majority of the overlap occurs between core families identified using seed sequences known to be closely related. For example, families 2.A.1.1, 2.A.1.19, and 2.A.1.22 are sufficiently similar that they were originally classified as a single family by Pao et al. 3 To gain supplemental information regarding the overlap of the 28 MFS core families found in this study, we tested all members of each core family for the presence of motifs designed to be specific for individual MFS families (as defined by Pao et al 3 ) . Table 6 shows the fraction of members from each core family possessing a family-specific motif, with 1 allowed mismatch. As expected, the motif overlaps shown in Table 6 and the core sequence overlap shown in Table 5 follow the same general trends. As shown in Table 6 , the majority of sequences within a given core family usually possess the motif designed to be specific to the family of the seed sequence. Also shown in the table, a significant number of core family members possess motifs designed to be specific to other, usually related, families. Interestingly, even a single sequence can have more than 1 familyspecific motif, showing that not all motifs are entirely specific to the family for which they were initially designed.
Use of core families for functional classification of new gene candidates-As mentioned above, one of the most important reasons for using a diverse group of related proteins in each of our core families is that the larger context provided by this approach is especially useful for functional characterization of new gene candidates. The specific pattern of sequence conservation shown in Figure 2B illustrates how the multiple alignment of new gene candidates with core family sequences can be used for functional classification of the new gene candidates. For example, a study by Kasahara and Maeda of the Gal2 galactose transporter (gi|6323110 in Figure 2B ) and the Hxt2 glucose transporter (gi|6323653 in Figure  2B ) from Saccharomyces cerevisiae showed that the presence of specific amino acids in positions a and b in Figure 2B strongly influences substrate specificity. 38 Tyr at position a and Trp at position b are important for galactose recognition. Phe at position a is important for glucose transport, and Tyr at this position supports glucose transport, but at highly reduced levels. transport. Instead, the Phe at position a indicates that the contigs may function in glucose transport, or in the transport of another nongalactose sugar. Subsequent to our analysis, the protein corresponding to contig 2 was cloned and identified as a facilitated glucose transporter, 39 thus validating our functional prediction. Table  7 provides additional examples of new gene candidates that have now been experimentally characterized by other investigators. In all cases shown in Table 7 , the experimental data support our functional classification. FOOTNOTE 5 Because the singlet shown in the alignment (gi number 3238840 in Figure 2B ) does not have aromatic amino acids at positions a or b, it is more difficult to make conclusions about transport specificity of this gene candidate. This anomalous pattern may even indicate that this singlet has been misclassified and belongs to a different transporter family or represents a single instance of a new transporter family. These questions can be addressed only after all existing transporter families have 3 and designed to be specific for the MFS family indicated by TC number. The 2.A.1.1 motif is not a true family-specific motif in that it was constructed using only a portion of the 2.A.1.1 family members known at the time. ‡Core families were obtained from the automated protocol, using a singleseed sequence from the MFS family indicated by TC number. been queried by our method and sufficient experimentalevaluation has been performed.
Comparison to Other Methods for EST Data Mining
Besides the approach reported here, several other automated or semiautomated analysis strategies that use ESTs to find and characterize new genes have provided useful results.
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First, using an approach that is a precursor to that described here, Botka et al identified new members of the proton-oligopeptide transporter gene family. 43 This method uses the iterative neighborhood cluster analysis (INCA) algorithm to assemble gene families. These gene families are then used to search the EST databases in a second screen. Differences between INCA and our current protocol include somewhat different methods for family generation and, of course, the incorporation of family information to aid in the evaluation of new gene candidates.
Using a different approach, Schultz et al developed a semiautomated protocol to mine the EMBL EST database for new human signaling proteins 44 using information gleaned from conserved domains within gene families of interest as a starting point for the data mining process. This strategy is advantageous because a conserved domain may contain useful information, such as motifs required for the specific biological function mediated by a given family. When tested using conserved signaling domains from 100 different families, ESTs representing over 1000 novel human genes were found.
However, despite its advantages, the Schultz protocol requires the user either to limit searches to families for which a conserved domain sequence has already been described, or to define such a sequence prior to implementation of the protocol. In contrast, our protocol requires only a single sequence as input. This input sequence is then used to generate a family of related sequences dynamically, using up-to-date sequence information from available databases, all of which are then used to mine the EST database. Because our protocol performs family generation internally, the loss of information normally resulting from the use of only a single input sequence is minimized (see the following section).
Other strategies have focused on a more generic rulesbased system for classifying all known ESTs according to their function. For example, The Institute for Genomic Research (TIGR) has constructed gene indices that classify all ESTs for a given organism into tentative consensus sequences, each of which represents a unique gene. 45 The function of each tentative consensus sequence is then annotated with the functional annotation of the expressed transcript sequence (derived from GenBank sequences) that best matches the tentative consensus sequence. This system has the added advantage of being fully automated.
Although the TIGR gene indices contain functional annotations for each tentative consensus sequence, because these annotations are generated from the information available for 1 or a few of the most similar expressed transcript sequences, the indices are likely to be sensitive to annotation errors. 47, 48 In contrast, our approach uses family analysis to facilitate functional classification of new gene candidates, an approach that has been shown to be very useful in other classes of proteins. 49, 50 The output from the automated phase of our protocol includes both a core family containing characterized protein sequences and the sequences of new gene candidates identified from comparison with the core family. Because new gene candidates are grouped together with a core family containing characterized genes, putative functions for the gene candidates can be inferred from examination of conserved sequence elements important for the function of the characterized family members. Thus, even though our strategy cannot yet be fully automated, it has the potential to provide more accurate and detailed functional information than do the other methods described above.
Problems and Dependencies
Although our results demonstrate the utility of our approach, the current implementation suffers from some specific problems and dependencies that prevent full automation. Among the most important issues we have encountered are the lack of both controlled vocabulary and fixed format in database annotation, which complicates the automated removal of characterized FOOTNOTE 6 human genes. For example, NCBI definition lines sometimes list multiple organism names and may use more than 1 name for a given organism, making it difficult to identify the organism of a specific gene. It is also difficult to determine whether a given gene had been characterized, because there is no controlled vocabulary term used to designate such genes. The best long-term solution to these problems is the conversion of all database annotation to a common structured format, such as that described by the Gene Ontology Consortium. 51 Another problem complicating the automation of our analysis is that closely related seed sequences may find different sets of core family members in a PSI-BLAST search. This can be ascribed to the fact that if related seed sequences find a slightly different set of hits in the initial rounds of PSI-BLAST, differences in the final converged results may be amplified because of accumulated differences in the scoring profiles generated in each round of PSI-BLAST. To better understand the importance of this issue, we investigated how much care must be placed on selecting the proper seed sequence. Duplicate runs of the protocol were performed using 2 different seed sequences each from MFS families 2.A.1.1 to 2.A.1.21 and 2.A.1.25. Whenever possible, the second seed sequence was obtained from an organism that was not closely related to the organism from which the first seed sequence was taken. As shown in Figure 4 , core families found using seeds from the same family overlapped well in only ~50% of the cases. Generally, poor overlap resulted from 1 seed sequence finding many fewer core sequences than the other found. The more disturbing problem, poor overlap resulting from the 2 seed sequences finding different sets of core family sequences, was uncommon but did occur, specifically for family 2.A.1.2, and to a lesser extent for 2.A.1.14.
Because certain seed sequences seem better able than others to generate a complete set of core family members, the automated protocol could be improved by modifications that provide a more intelligent method for choosing a seed sequence. One solution being investigated is a trial run of the initial steps of the protocol using a randomly selected seed, followed by an automated evaluation of the core family members found so that the best seed from among the core family sequences can be chosen as input for a more refined run of the protocol.
